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INVESTIGATIONOFREYNOLDSNUMEEREl?l?KTSFORA SEKIIW

OFCONE—CUXNDERBODIESATMACHNUMBERS

OF1.62, 1.93, m 2.41

ByCarlE. GrigsbyandEdmundL. Ogburn

An investigationoftheReynoldsnumberfortransitionandtheskin-
frictiondragat zeroliftofeightcone-cylinderbodieshavingvarious
finenessratioshasbeenmadeatMachnmbersof1.62, 1.93, and2.41
overa Reynoldsnumberrangefrom0.3 x 106to 10x 106. Theaccuracy
oftheskin-frictiondatawasnotsufficienttopermitanygeneralcon-
clusionstobe drawn.TheReynoldsnuder fortransitionwasfoundto
be dependentuponboththetunnelstagnationpressureW Machnumber.

INTRODUCTION

Considerableinterestis showncurrentlyintheaerodynamiccharac-
teristicsofbodiesofrevolutionat supersonicspeeds.&mdspecialatten-
tionis shownto theReynoldsnumberfortrsmsitionandto theeffects
ofReynoldsnumberupontheskin-frictiondrag. Inreferences1 snd2
resultsarepresentedofan investigationofthefrictiondragsmd
boundary-lsyertransitionon cone-cylinderbodiesovera rangeofMach
number.b thisinvestigation,variationsinReynoldsnumberweremade
by lengtheningthecylindricalportionofthebodies.References3 to 6
havealsopresenteda considerableamountofaerodynamicdataona series
ofbodieshavingnear-parabolicsmdconicalnosessadcylindricalafter-
bodies.Inthesetests,variationsinReynoldsnuniberwereaccomplished
by’chmgesintunnelstagnationpressure.Theseinvestigationsillus-
tratetwotechniquesforobtainingtheeffectofReynoldsnumberupon
skinfriction.

u
In reference3 dataarepresentedwhichindicatea dependenceofthe

Reynoldsnumberfortransitionuponstagnationpressure.Itwass~ested
.9 thatchangesintunnelturbulencelevelwereresponsibleforthiseffect.
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2 NACARM L53H21

Additionaldataforbodiesofrevolutionindicatingthissamephenomenon
havebeenpublishedinreferences2 and6 withresultsforseverslhollow
cylinderspresentedinreference7. Althoughthetemperaturewasheld
nearlyconstantforthewind-tunneltests,itwasnotclearthatsMilar
resultscouldnothavebeenobtainedby variationsintemperature,in
whichcasetheresultswouldbemoreproperlyexpressedas a functionof
Reynoldsnumberperunitlength.Theneedforfurtherresearchonthis
phenomenonisapparent.

Thepurposeofthepresentinvestigationwastodeterminetheeffects
ofMachnumberandstagnationpressureupontheReynoldsnumberfortran-
sition,andto obtainthezero-liftskin-frictiondragfrommeasurements
oftotaldrag,basedrag,andforebodypressuredragfora seriesof
eightcone-cylindermodelsofvaryingfinenessratio.Someobjections
havebeenraisedabouttheuseof cone-cylinderbodiesforskin-friction
investigationsbecauseofthesevereadversepressuregradientandthe
possibilityoflocalseparationatthejunctureoftheconeandthecyl-
inder.Theseobjectionsarebasedonthebeliefthatthislocalsepara-
tionorthesdversepressuregradientorbothwouldmaketheresultsof
questionablevalueinassessingtheoreticalpredictions.Althoughthere
is somejustificationforobjectionsonthisbasis,thereisalsosuffi-
cientreasonto investigatethesebdies inthattheyareemployedin
severslcurrentandproposedmissilesandhavetheadvantageof simplified
construction.

ThetestswereconductedatMachnumbersof1.62, 1.93, and2.41over ‘

a Reynoldsnumberr~e fromabout0.3 X 106to 10X 106forthecondition
of zeroheattransfer.

SYMBOLS

IIEdIIILIIIICrOSS-Sf3CtiO~ areaOfbody(eqtitOAB)

Aw wettedareaofbody(surfaceareaforwardofbase)

AB basearea

c~
Total.drag

total-dragcoefficient,
~&

AB
c% base-dragcoefficient,PB— =

k ‘B
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foreba3ypressure-dragcoefficient,
~Lp &(&p

skin-frictioncoefficient,!Zp-&+ c%]

bodylength

localbodyradius

msximumbodyradius

Pz - Pspressurecoefficient,
~

basepressurecoefficient

stagnationpresswe

free-streamstaticpressure

locslstaticpressure

free-streamdynamicpressure

free-streamMachnumber

Reynoldsnumber

free-streamReynoldsnmiberbasedonmodellength

transition
point

stagnation

Reynoldsnumberbasedonsxiallengthtotransition

temperature
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APPARATUSANDTESTS

WindTunnel

TheIangleyg-inchsupersonictunnelisa continuous-operation,
closed-circuittypeofwindtunnelinwhichthepressure,temperate,
andhmidityoftheenclosedaircanbe regulated.DifferenttestMach
numbersareprovidedby interchangeablenozzleblockswhichformtest
sectionsapproximately9 inchessquare.Elevenfine-meshturbulence-
dampingscreensareinstalledintherelativelylarge-areasettling
chamberaheadofthesupersonicnozzle.Theturbulencelevelofthetun-
nelisconsideredlow,basedontheturbulence-levelmeasurementspre-
sentedinreference8. A schlierenopticslsystemisprovidedfor
qualitative-flowobservations.

Models

A sketchillustratingthemodelsandstingsupportandgivingthe
pertinentdtiensionsis showninfigure1, anda photographofthemodels
is showninfigure2. Theeightmodelsvariedinfinenessratioin incre-
mentsof1.0from2.0to 9.0. All modelsfortheforcetestsweremade
of-esium andwereavailablefromtheinvestigationofreference9.
Thesurfaceroughnessofthesemodelswasabout14 rmsmicroinches.At
thebeginningofeachrunthemodelwaspolishedwitha metalpolishand
carefullywipedwithchamoistopreservea uniformityof stiacecondi-
tionsduringthetests.Thehollowstingwhichservedasa conduitfor
thestrain-gagewireswassealedattheswpportendandventedtothe
chamberwithinthemodel.Thepressureinthehollowstingwasmeasured
andwasassumedtobe theaveragepressureinthechsmberwithinthe
model.

A specialmodelconstructedof steelhavinga surfaceroughnessof
8 m microinches,andotherwiseidenticalwithmcdel8, wasemployed
forthedetailedschlierenobservationsoftransitionsmdforthepressure-
distributiontests.Pressureorificeswerelocatedintheconicalnose
onthe0°,90°, 189°, W 270°meridianplanes.As intheothermodels,
thehollowstingservedasa conduitforthepressuretubesandwassealed
atthesupportend.

ThetestswereconductedatWch numbersof1.62, 1.93, and2.41and
overa Reynoldsnumberrangefrm about0.3 x 106to 10 x 106. Thestagna-
tiontemperaturewas100°f 5% anddatawereobtainedonlyforequilib-
riumtemperatureconditions.Throughouttheteststhedewpointwaskept
sufficientlylowto insurenegligibleeffectsof condensation.A condi-
tionof zeropitchandyawwasmaintainedas closelyaspossible. . .

L
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Thefirstphaseoftheinvestigationconsistedofdetailedscblieren
observationsoftheboundarylayerforthetisualdeterdnationoftrsasi-
tionReynoldsnumbersofmcdel8 (steel).Thismodelwaslaterusedto
measurethepressuredistributionovertheconical.portionofthebody.
Theeffectofthetunnelstatic-pressuredistributionupontheforebody
pressuredragwasfoundtobenegligible.

Thesecondphaseoftheinvestigationcomprisedthemeasurementsof
totaldragandbasedrsgovertheReynoldsnumberrangeateachtestMach
number.Themagnesiummodelswereusedforthesetests.Itwildbe
notedfromfigure1 thatthestrain-gagebslanceprotrudedfromtherear
ofmod:ls1 and2 smilcausedan interferenceinthebase-pressuremeasur-
ements.Additionalbase-pressure~surementsweremadewithoutthebsl-
ance,andthetotaldragmessurementswerecorrectedby thedifferencein
thetwobase-pressuremeasurements.Additionalunknowntareforcesmay
stilJ_existonmodels1 snd2;however,theseforcesarebelievedtobe
small,especiallyformcdel2.

PrecisionofData

A1l-mcdelsweremaintainedwithin~0.15°of zeropitchandyawwith
respecttothetunnelsidewalkandcenterline,respectively.Previous
measurementsoftheflowangularityinthetunneltestsectionhaveshown
negligibledeviations.Theetiimatedaccuraciesofthetestvariables
andmeasuredcoefficientsaregiveninthesubsequenttable.Valuesare
givenfora tunnelstagnationpressureof30 in. Hg. Theaccuraciesof
thecoefficientsarefunctionsofthestagnationpressureandincrease
withdecreasingstagnationpressm.

Machnmber,M. . . . . . . . . . . . . . . . . . . . . . . . . ~0.01

Reynoldsnumber,R,perin. . . . . . . . . . . . . . ..to.oo)+xIob
Total-dragcoefficient,~ . . . . . . . . . . . . . . . . . .~0.003
Forebdypressure-dragcoefficient,@ . . . . . . . . . . . .~0.(x12
Base-dragcoefficient,c~. ● . . . . . . . . . . . . . . . . .30.002

RESULTSANDDISCUSSION

Totalad BaseDrag

Thetotal-dragcoefficientsforallmodelsareshownforvarying
Reynoldsnmtir at M . 2.41 infigure3. Thesedataaretypicslof
theresultsobtainedattheothertestMachnunibers.Thecorresponding
base-dragcoefficientsareshowninfigure4. Formodel8, the reflected

==3
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noseshockenteredthewakeata positionsuchthatthebasedragwas
affected(seeref.10). Thevariationofboththebase-andtotal-drag
coefficientswithReynoldsnumberistypicalofthevariationshownin
previousresultsforthistypeofconfiguration.Theeffectsofboth
mcdelfinenessratioandhkchnumberuponbasepressureforthesecon-
figurationshavebeendiscussedinreference9.

ForebodyPressureDrag

Typicalpressuredistributionsovertheconicalportionofmodel8
at M = 2.41 areshowninfigure~. ThesedistributionsateachReynolds
numberwereintegratedto obtaintheforebodypressure-dragcoefficients
showninfigure6. It canbe seenthattheforebodypressuredragisrela-
tivelyindependentofReynoldsnumberattheMachnumberstested.The
experimentalresultsarealsocomparedwiththevaluesfromthetablesof
solutionstothetheoryofTaylorandMaccollgiveninreferenceI-1.The
experimentalresultsareabout6 percenthigherthantheoreticalresults
at M = 1.62, “in goodagreementat M = 1.93 andabout4 percentlower
at M = 2.41.

Skin-FrictionCoefficient

Theskin-frictiondataresultsleftmuchtobe desiredwithregard
to accuracyandscatteroftheresults;consequently,onlytypicslresults
at M = 2.41 willbe presented.Theskin-frictioncoefficientswere
obtainedinthe-followingmsmner:

(1)

Theresultsat M = 2.41 areshowninfigurel’.Alsoshowninfigure7
are the followingtheoreticalresultsforlaminarflow: theflat-plate
incompressibleresultofBlasius,thecompressibleresultofChapmanand
Rubesin,andtheflat-platevaluescorrectedtothecone-cylinderby the
formula-giveninreference2.

[

2 J(s+a)(s+3a~
% ‘~f~tplate~ s+2a

(2)
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-. where s istheslantheightoftheconeaud a isthelengthofthe
cylindricalsfterbody.TMs formulafollowsfromthetransformationby
Mangleranddoesnotconsiderchangesinpressureslongthebody. The
incompressible,turbulent,skin-frictioncoefficientisalsopresented
togetherwiththeextendedFrsnklandVoisheltheory.Thesetheoretical.
predictionsforturbdentflowarepresentedonlyas a matterofrefer-
encesincethereareno comparableexperimentalresults.

Theexperimentalresultscanbe seento exhibitconsiderablescatter,
particularlyinthetrsmitionrangewherethevaluesof skin-friction
coefficientaresmallest.No generalconclusioncanbe drawnfromthe
resultsabouttheeffectsofvaryingmodelfinenessratiouponskin

,friction.
I

ReynoldsNumberfor

Fromtheoreticalconsiderations,it

Trsmsition

iswelllmown
at subsonic8peeds,theReweldsnumberfortransition

that,forairfoils
isa functionof

wingReynoldsnumber.Thisdependencyuponw5ngReynoldsnumberisa
consequenceofthefavorablepressuregradientexistingovertheforward
positionoftheairfoil.Configurationshavingzeropressuregradient,
suchas flatplates,havetransitionReynoldsnumberswlxichareinvariant
withwingReynoldsnumbers.Thus,it is surprisingwhentheresultsin
reference7 forhollowcylindersat supersonicspeedsshowtransition-u Reynoldsnumberswhichincreasewithincreasingstagnationpressure

. (increasingstresmReynoldsnumber).Since,fora givenMachnumiber,
Reynoldsnumberisa functionoftemperaturesndpresswe,itwasnot
clearthatsimilarresultscouldnothavebeenobtainedby variations
instagnationtemperatureinwhichcasethetransitionReynoldsnumbers
wouldhavebeenshownasa functionofReynoldsnuuiberperunitlengbh.
However,unpublisheddataofthetransitionReynoldsnumberona 10°cone
fromtheLangleyg-inchsupersonictunnelhaveindicatedthatdecreasing
thestagnationtemperature(increasingstreamReynoldsnumiber)gave
slightlylowertransitionReynoldsnumbers,whereasincreasingthestag-
nationpressure(increasingstreamReynoldsnumber)gavehighertransi-
tionReynoldsnwbers. Thus,itappearsthattheeffectcannotbe iso-
latedasa functionofReynoldsnumberperunitlength,butisa function
of someparameterwhichisinfluencedby changesinstagnationpressure.

Schlierenphotographsofmodel8 (steel)wereobtainedforseveral
stagnationpressuresateachMachnumber;typicalresultsat M = 1.62
srepresentedinfigure8. Pointsoftransitionweremeasuredateach
stagnationpressurefromthephotographsandthecorrespondingtransition

. Reynoldsnumbersweredetermined.ThesetransitionReynoldsnumberssre
showninfigure9 togetherwitha compilationofdatafromothersources.
whichincluderesultsforseversllbodiesofrevolution,a coneandtwo

.. hollowcylinders(refs.2,3, 6, 7, andunpublishedresults).Tbe

~
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baJlistic-rangeresultsofreference2 areplottedwithambientpressure
astheabscissa.Thewind-tunnelresultsshowninfigure9 represent
equilibriatemperateconditions.Therelativeturbulencelevelsof
thevarioustunnelsarenotknown,andthepossibleeffectsof stagnation
pressureupontheseturbulencelevelsanduponothertunnelconditions
suchasMachnumberandstreamangularitiesanddisturbances,cannotbe
detenninad.Inthepressurizedbsllistic-rangetests(ref.2),anyeffects
oftunnelturbulencearepresumablyexcluded,althoughitispossiblethat
heat-transfereffectsandeffectsof slightoscillationsinangleofattack
srepresent.Theresultsforthebodiesofrevolutioncontaineffectsof
varyingpressuregradientoverthecylindricalafterbody,anditalso
appearsthatconsiderationmustbe givento thelen@h oftheadversepres-
suregradientaswellastothevalueofthepressuregradient.

However,inspiteofthevarietyofthetestconditionsandtech-
niquesrepresentedinthesummaryofdata,a definiteincreaseinReynolds
numberfortransitionwithincreasingsta@ationpressureisevident.The
presentresultsshowedan increasewithincreasingstagnationpressure

rangingfromabout3 x 106 at30 in. Hgto about5 x 106 at 120 in.Hg.
It isalsointerestingtonotethattheresultsshownfortheconeandfor
thehollowcylinderswhichhaveessentiallyzeropressungradientarein
substantialagreementwiththeresultsforthebcdiesofrevolution.Up
to thepresentthe, no satisfactoryexplanationhasbeenfoundforthis
phenomenon,butitisevidentthatcomparisonsofwind-tunnel-transition
resultsorattemptsto applytheseresultsto freeflightmusttakeinto
considerationthisphenomenon.

ThevariationinReynoldsnumberfortransitionatthebasewithMach
numberasdeterminedfromschlierenphotographsispresentedinfigure10
togetherwitha smmaryofresultsforcone-cylinderbodiesofrevolution
(refs.1, 2, 5, 6, 10,and12to 15). Theaveragesurfaceroughnessfor
theseconfigurationsrangesfromabout8 to 20rmsmicroinches.Each
pointrepresentsa singlevalueof stagnationpressure;someeffectof
stagnationpressureasdiscussedpreviouslymaybe seeninthepresent
resultswherethelow-fineness-ratiobodieshavethelargestvaluesof
trfiitionReynoldsnuaiber.Inviewofthenuder offactorswhichmay
influencetransitionandwhichmayoccurasvariablesinthepresentcom-
pilation,it isnotsurprisingthattheresultsshowconsiderablescatter.
However,itmaybe seenthat,ingeneral,thevsriationofReynoldsnumber
fortransitionwithllachnwnberisto increasewithincreasingMachnumber
and,then,reacha peakina rsngeofMachnmber fromabout2.0to 2.5
and,thereafter,decreasewithfurtherincreasesinMachnumber.This
decreaseintrsmsitionReynoldsnumberwithMachnumberis consistentwith
theoreticalresultsforthestabilityoftheIaminarboundarylayerincom-
pressibleflow(see,forexample,ref.16). Itmightbe notedthathigher
ReynoldsnumbersfortransitionhavebeenobtatiedatthehigherMachnum-
berswhereboundary-lsyercoolingwaspresent.Forexsmple,a transition

L “ -coNFmi@yL
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Reynoldsnumberofabout8.5 x 106hasbeenobtainedona hollowcylinder
intheLangleyn-inchhypersonictunnelata Machnumberof6.9.

An investigation
frictiondragat zero

CONCLUDINGREMARKS

oftheReynoldsnumberfortransitionandtheskin-
liftofeight’cone-cylinderbdies havingvarying

finenessratioshasbeenmadeatMachnmhersof1.62, 1.93, and2.41
overa Reynoldsnumberrsmgefrom0.3 x 106to 10x 106. Theaccuracyof
theskin-frictiondatawasnotsufficienttopermitanygeneralconclu-
sionstobe drawn.

TheReynoldsnumberfortransitionwasindicatedtobe a function
of someparameterwhichisinfluencedby changesinstagnationpressure.
Forthepresentresults,thetransitionReynoldsnumberincreasedwith
increasingstagnationpressurerangingfromabout3 x 106at30 in. Hg
to about5 X106 at120k. Hg. Up tothepresenttime,no satisfactory
explanationhasbeenfoundforthisphenomenon.-siS ofthepresent
testsresultstogetherwiththeresultsofothercone-cylinderbodiesof
revolutionhavingzero-heattransfershowedthattheReynoldsnumberfor
transitionatthebaseincreasedwithincreasingWch numberandreached
a peakata Wch numberfromabout2.0to 2.5,and,thereafter,decreased
withfurtherincreasesinMachnwiber.

LangleyAeronauticalLaboratory,
NationalAdvisoryCcmmritteeforAeronautics,

Lar@eyField,Vs.,August18, 1953.
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